Abstract -In spite of its high production
INTRODUCTION
Cantal cheese is the third most produced AOC ("Appellation d'origine Contrôlée") cheese variety in France with a yearly production of 18 000 T [13] . It is made from either raw or pasteurised milk and commercialised as "young" (ripened for at least 30 days), "between the two" (ripened for 2 to 6 months) or "old" (ripened for over 6 months). Two other AOC cheeses, made from raw milk only, "Laguiole" and "Salers", belong to the same cheese family produced in the central area of France, with a respective annual production of 700 T and 1400 T [12] . These cheeses are commercialised as 35-to 40-kg, 40-cm height, 36-to 42-cm diameter round wheels with a dry crust. The Total Solids (TS) content and the Fat/TS ratio must be, respectively, at least 57% and 0.45 [54] . In some aspects, Cantal cheesemaking can be compared with that of Cheddar, whose ancestor it would be, according to Pline the Old. Indeed, the renneted curd is cut, drained and pressed to form a "tome" in which lactic acidification will take place. Then, the acidified "tome" is milled, salted, moulded and pressed before ripening.
Surprisingly, very little literature has been devoted to the characterisation of this cheese variety. Most of the studies are related to the microbial ecosystem involved in the transformation of raw milk in Cantal. Millet et al. [52] have enumerated the microbial flora of 31 two-to five-month aged cheese samples. In spite of the relatively small number of cheese samples, they were able to correlate high counts in Lactobacillus brevis, coliforms, Micrococcus, Staphylococcus and yeasts with unpleasant tasting cheeses. By using modern molecular identification methods on 381 strains, Callon et al. [11] have confirmed the diversity of the lactic acid bacteria present in the AOC parent cheese variety "Salers" and equally identified more accurately the different species of Leuconostoc and mesophilic Lactobacillus. From a combination of single strand conformation polymorphism (SSCP) analysis and clone library sequencing, Duthoit et al. [21] were able to follow the dynamics of these numerous lactic acid bacteria during manufacture and ripening of 3 Salers cheeses. They also showed the presence of a high-GC% Grampositive group (essentially corynebacteria) in the inner part of this cheese variety. Millet et al. [53] , from a study on 38 yeast strains (characterised as belonging to the species Torulopsis sphaerica, Saccharomyces lactis and S. fragilis) isolated from Cantal tome, indicated that 53% of them were able to ferment lactose, and consequently they hypothesised that yeasts play two actions in the process: to prevent the undesirable blowing of cheese in the press step and to contribute by their CO 2 production to the requested texture of the cheese.
Some studies have shown the effects of the cow's feeding on the organoleptic quality of Cantal cheese. Cheese made from raw milks with a high terpene content obtained either by feeding with the spignel plant (Meum athamanticum) or by direct addition of essential oil led to Cantal cheeses with significant i) higher "flower" flavour and ii) more elastic texture than the control because of a small increase in the rate of proteolysis [46] which could be an effect of terpene on the metabolism of some specific microorganisms. On the other hand, VerdierMetz et al. [65] concluded that pasteurisation of milk modified much more sensory properties of cheese than the cow's diet.
In order to partly fill this lack of knowledge, the aim of this study was to characterise diverse aspects: physicochemistry, microbiology, rheology and microstructure, of two commercial Cantal cheese samples issued from two different manufacturing processes.
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MATERIALS AND METHODS

Cheese samples
Some cheeses (A) issued from a highly industrial process using widely mixed raw milk. Other cheeses (B) also issued from raw milk but according to a small-scale process without mechanisation. Both processes included addition of lactic starters. Ripening conditions were the same (10 °C, 95% relative humidity). Samples of around 5.0 kg each were analysed after 4 months of ripening (129 d (A) and 131 d (B)).
Extraction of the cheese aqueous phase (juice) and lipidic phase
The cheese aqueous and lipidic phases were extracted according to the procedure of Salvat-Brunaud et al. [59] . The outer part of the cheese samples (2 cm under the crust) was removed and a sector of 1800 g was grated and thoroughly mixed with two parts (3600 g) of Fontainebleau sand (VWR, Strasbourg, France), then packed into a perforated (Perfora type 5, APV Baker, Evreux, France) stainless steel mould which was lined with a disposable cheese cloth (Smith and Nephew Extruded Films, Ltd, Hull, UK). The mould filled with the cheese-sand mixture was then placed on the stainless steel press plate (Mecalef Industrie, Rennes, France) and pressed at 16 °C-18 °C using an electric hydraulic press (Trans Hydro, Morlaix, France). Pressure was increased gradually firstly from 0 to 37 bars in 110 min and secondly from 37 to 45 bars in 70 min. The expressed liquids were collected in a graduated cylinder with an opening at the bottom which allowed the separate collection in bottles of both aqueous and lipidic phases. The extracted phases were centrifuged for 6 min at 900 rpm at room temperature (Kunke Gerber Super Quattro, Grosseron, St Herblain, France) to remove solid particles and analysed either immediately or after storage at -20 °C or -60 °C.
Physicochemical analysis
For these determinations, the outer part of the cheese samples (2 cm under the crust) were removed and a sector of about 150 g was grated and thoroughly homogenised and then used.
• pH was measured by a pH-meter (HI 9025, Hanna Instruments, Vila do Conde, Portugal);
• total solids (TS) were determined by drying both cheese (2 g) and juice (5 g) samples mixed with sand at 102 °C for 7 h [22];
• fat was determined by the SchmidBondzynski-Ratzlaff (SBR) method [24] ;
• nitrogen contents were determined by the macro-Kjeldhal method [26] with 6.38 as the conversion factor; total nitrogen matter (TNM) in cheese and the aqueous phase was measured directly; non-casein nitrogen (NCN) was measured at pH 4.4 for cheese and at pH 4.6 for juice; non-protein nitrogen (NPN) was measured in 12% TCA (trichloroacetic acid). Soluble nitrogen after precipitation with phosphotungstic acid (NSPA) was determined according to Kuchroo and Fox [40] ;
• free amino acid contents were determined after deproteinisation of samples by sulfosalicylic acid according to the method described by Saboya et al. [58] ;
• ash contents were determined by incineration of 5 g of the aqueous phase or 2 g of cheese in a oven at 550 °C for 5 h [2];
• determination of cations (calcium, magnesium, potassium and sodium) were realised from ashes dissolved in HCl (1 mol·L -1 solution) followed by atomic absorption spectrometry (SpectrAA 220 FS, Varian, Palo Alto, CA, USA), according to Brulé et al. [10] .
• anions (lactate, propionate, butyrate, chlorides, nitrate, succinate, carbonate, sulphate, inorganic phosphate and citrate) were determined by ionic chromatography (DX500 Dionex Corporation, Sunnyvale, CA, USA) with an IonPac AS11 column (4 × 250 mm) [31] ;
• Total phosphorus was determined by the colorimetric method [23] . A conversion factor of 95/31 was used to convert the P content into phosphate concentration.
Each determination was done in triplicate, and the average and standard deviation (SD) were calculated. 
Peptidic profile
Volatile compounds
Neutral volatile compounds were extracted and identified by dynamic headspace analysis (Tekmar 3000, Tekmar Inc., Cincinnati, OH, USA) coupled to gas chromatography (HP5890A, Hewlett Packard, Avondale, PA, USA) and mass spectrometry (HP 7972A quadrupole mass spectrometer) from 7-g cheese samples, 4-g juice samples and 6.2-g extracted oil samples, according to Thierry et al. [61] . Peaks were quantified by the areas of the total ion current (TIC). Ethanol content was determined by the enzymatic method through the use of Boehringer kits.
Microbiology
Cheese samples were prepared as described by Saboya et al. [58] . The inner parts of cheeses were aseptically sampled (10 g). To differentiate the microflora, various growth media were used (time and temperature of incubation are reported in Tab. IV). When anaerobic conditions were required, Petri dishes were incubated in anaerobic jars containing "Anaerocult ® " gas packs (Merck, Nogent-sur-Marne, France). Mean values resulted from duplicate plates.
-Mesophilic aerobic and psychrotrophic microflora: plate count agar (PCA, Biokar Diagnostics, Beauvais, France) [1] ;
-lactococci and thermophilic streptococci: medium 17 (M17, Difco laboratories, Detroit, MI, USA) with lactose (10%, Merck) [28] ;
-mesophilic and thermophilic lactobacilli: de Man, Rogosa and Sharpe pH 5.4 (MRS, Difco), anaerobic incubation (Anaerocult, Merck) [28] ;
-facultatively heterofermentative lactobacilli: FH agar [37] ; -coryneform bacteria: cheese ripening bacteria medium (CRBM, [19] ) with two antibiotic solutions: natamycine (9 mg·L -1 ) and nalidixic acid (40 mg·L -1 ) for the elimination of the fungal flora, Gram-negative bacteria and Bacillus. Only coloured colonies were enumerated on this medium; -propionibacteria: Lithium-GlycerolAgar (LGA) with Pal Propiobac ® antibiotic supplement (Standa industrie, Caen, France) [44] ; -enterococci: KF Streptococcus agar (Biokar) [27] ; -coliforms: violet red bile agar (VRBA, Difco) [3] ; -E. coli: Tryptone Bile X-glucuronide Agar (TBX, Biokar) [36] ; -Staphylococci: Baird Parker (AES, Combourg, France) [4] ; -Pseudomonas: Pseudomonas-CFC (AES) [48] ; -yeasts: Oxytetracycline Glucose Agar (OGA, Biokar) [25] .
In order to identify the possible presence of thermophilic flora, six colonies were picked up randomly on M17 agar plates incubated at 43 °C, propagated in M17 medium 24 h at 37 °C and further characterised (morphology and fermentation pattern) by using API 20 Strep strips (Biomérieux, Lyon, France).
Microstructure
Fat microstructure in Cantal cheese B was examined using confocal laser scanning microscopy (CLSM). Thin slices (5 × 5 mm) of approximately 3-mm thickness were cut from the samples with a scalpel. The protein network was stained using Acridine Orange fluorescent dye (Aldrich Chemical Company, Inc., Milwaukee, USA). A lipid-soluble Nile Red fluorescent dye (Sigma -Aldrich, St Louis, USA) was used for colouring fat. Each slice was placed between a microscope slide and a cover slip. The cheese slices were then incubated with the stains for 30 min in the dark at 4 °C. Microstructural analysis was done using a confocal Leica TCS NT microscope (Leica, microsystems, Heidelberg, Germany), with the use of an argon/krypton laser in dual-beam fluorescent mode, with excitation wavelengths of 568 nm and 488 nm for, respectively, fat and protein. The 2D images had a resolution of 1024 × 1024 pixels and the pixel scale values were converted into micrometers using a scaling factor. In the doubled stained samples, the fat phase was red and the protein phase was coloured in greyscale.
RESULTS AND DISCUSSION
Physicochemical composition
Main physicochemical characteristics
The average compositions of both varieties of Cantal cheeses and their aqueous phases are summarised in Table I which also indicates the data obtained, respectively, by Salvat-Brunaud et al. [59] on 3-month-old Emmental cheese and Roy et al.
[57] on 6-month-old Cheddar cheese, made from 1.4-µm microfiltrated milk. For an easier comparison between the three cheese varieties, composition of soluble components is expressed for 1000 g of cheese or juice water. Both series of Cantal cheese were in the usual range of composition [65] . B Cantal cheeses had higher pH and moisture contents than A Cantal cheeses. TS content of cheese juices was approximately threefold the usual TS content of cheese In Table II average cation and anion contents determined on cheeses and on their respective juices are summarised. Total calcium content appeared to be greatly different in the two Cantal cheeses but the soluble Ca content in both juices was similar (7.6 and 7.8 g per 1000 g of water). From the data of Tables I and II , it can be calculated that the ratio Ca S /Ca T (values expressed per 1000 g of water) which is established in the ripened cheese, by (i) the couple kinetics of curd acidification -kinetics of curd drainage, (ii) the salting of the curd and (iii) the caseino-phosphopeptide solubilisation from the cheese matrix during ripening [33] , reaches 42% in Cantal A, 41% in Cantal B, 42% and 50.4% in Cheddar according, respectively, to Hassan et al. [33] and Roy et al. [57] and only 33% in Emmental [62] . The molar Ca T /P T ratio in Cantal cheeses A and B are, respectively, 1.5 and 1.8 versus 1.2 in Cheddar and 1.07 in Emmental [42] . In the juices, these molar Ca T /P T ratios are, respectively, equal to 2.8 [33] . There is no good relationship between Na content determined in Cantal cheeses (7.8 and 7.5 g·kg -1 ) and the value calculated from juices (8.7 and 9.2 g·kg -1 ) but the observed difference is much less than in the same comparison made from the results of Roy et al. [57] for Cheddar: 6.1 g·kg -1 in the direct determination in cheese and 4.0 g·kg -1 for the calculation from juice. As said by Mermet [49] , it is likely that the cheese matrix induces more inaccuracy in the ICP (Inductively Coupled Plasma) analytical method used by Roy et al. [57] than in the AAS (Atomic Absorption Spectrometry) method used in this study. The molar ratio (Na + K)/Cl in the Cantal cheeses and juices was close to 1 as it was in Cheddar (Tab. II).
Survey of proteolysis
Moreover, the repartition between nitrogen distribution in cheeses, and proteolysis in Cantal cheese was also estimated by both the peptidic profiles of juices (Fig. 1) and the free amino acid content (Tab. III). In the first approach, peptidic profiles of both ripened cheeses appeared quite similar. However, the relative area of peaks eluted at the same retention time was variable and some peptides were only noticed in one sample (boxed in). Further work is required to characterise by mass spectrometry the different peptides in order to associate them with both endogenous milk enzymes activity and microorganism metabolism as done by Gagnaire et al. [30] on Emmental cheese.
Free amino acid distribution in the cheese juices is given in Table III . Total contents characterised from Cantal A and B (respectively, 32.5 g·kg -1 and 29.9 g·kg -1 ) were in the same range as the values determined on Cheddar [57] and on Emmental [59] cheeses with similar ripening duration. It was close to 40% of the related juice NPN content for both Cantal cheeses. PSer data are also in the same range as those observed by Roy et al. [57] for Cheddar, allowing us to hypothesise that caseinophosphopeptides released in juices from the curd matrix were partially hydrolysed up to 10 mmol·L -1 of free PSer per kg of juice. However, as shown by De Noni et al. [18] determination of PSer is unreliable and consequently, the aforementioned hypothesis requires confirmation by another analytical measurement of the nitrogen content of cheese juices. Contrarily to Emmental [59] ripened Cantal cheeses, like Cheddar [57] , contain free Arg. Contents in free Arg and its derivatives (Orn and Cit) were much higher in the juice of the cheese A than in the juice of the cheese B. Such data suggested as proposed by Curtin and McSweeney [17] that there was a different development of secondary microflora in A and B cheeses, which was not the propionic flora as shown by Laht et al. [41] and by our own results (Tab. IV). That hypothesis is also supported by the very great difference in free Pro (more than ninefold) between the two juices. Table IV provides the results of microbial counts on the different media incubated under several temperature-time conditions. Both ripened cheese samples shared the following characteristics : (i) a dominant flora composed of various lactic acid bacteria: facultatively heterofermentative lactobacilli at over 10 7 cfu·g -1 , presumptive lactococci at about 10 7 cfu·g -1 , presumptive S. thermophilus at about 10 6 cfu·g -1 , thermophilic lactobacilli and enterococci at about 5.10 5 cfu·g -1 , (ii) a subdominant flora composed of various ripening bacteria: presumptive propionibacteria, corynebacteria and staphylococci/micrococci, all at the level of 10 4 to 10 5 cfu·g -1 (iii) 10 3 -10 4 cfu·g -1 yeasts, and (iv) undesirable flora (coliforms, E. coli and Pseudomonas) present at low levels (about 10 2 cfu·g -1 ).
Microbiology
Our results confirm the large microbial diversity of Cantal cheeses made from raw milk and they are in agreement with the enumeration of Cantal flora done by Millet et al. [52] on 31 two-to five-month aged cheese samples. Like them, we found that the dominant group was composed of facultatively heterofermentative lactobacilli, as observed in many other ripened cheese varieties [6] . Comparison with the existing literature on Cheddar showed that similar counts of starter and non-starter lactic acid bacteria (about 5.10 7 cfu·g -1 and from 4.10 7 cfu·g -1 to 9.10 7 cfu·g -1 , respectively, [29, 60] ) were found in Cantal cheese. Many presumptive Lactococcus lactis (not confirmed by specific identification) were enumerated on M17 agar but, as demonstrated by Callon et al. [11] , this medium is not very selective. Indeed, lactococci constituted only 20% of the colonies grown on M17 agar incubated at 30 °C from samples of ripened Salers cheese. Besides that lactococci flora, Callon et al. [11] have identified a large diversity of other lactic populations [52] . The possible role of yeasts which may prevent undesirable blowing defects during pressing was underlined by Millet et al. [53] .
Coliform and E. coli counts were much less in Cantal cheeses A and B than in the cheeses analysed by Millet et al. [52] (<10 2 cfu·g -1 versus 10 3 to 10 7 cfu·g -1 ). No typical colonies of S. aureus (circular, smooth, grey to jet-black black colonies surrounded by an outer clear zone) were observed on Baird-Parker agar. Microorganisms forming atypical colonies on this medium were evidenced at a level of 10 4 cfu·g -1 . They most probably constituted other species of staphylococci, as shown by Devoyod and Millet in Cantal cheese [20] but could also belong to various genera, including Micrococcus spp., Bacillus spp. or Corynebacterium spp., which are able to grow on this medium [66] .
Volatile compounds
Table V gathers the forty-four neutral volatile compounds identified in the ripened Cantal cheeses, using either whole cheese, juice or oil samples. Whatever the sample type, the patterns were very close as they were in Emmental [61] . Three compounds: ethanol, 2-butanone and 2-butanol, represented about 96% and 99% of the total peak area in, respectively, oil and juice. Detection of high boiling point aldehydes [7, 43, 45] . They appear significantly different but as shown in Table IV , there is no correlation with the population of enumerated living yeasts which is the same in both Cantal cheese series. Either yeast growth was different during the time course of the cheeses ageing or the nature of the yeast species was different as shown recently by Arfi et al. [5] in a Camembert cheese model. Another explanation of the difference seen could also be a different production of this metabolic compound by heterofermentative bacteria such as Leuconostoc or even homofermentative lactic acid bacteria such as Lactococci and thermophilic Lactobacilli [14, 34, 35] . Ethanol, like other alcohols, is thought to have little direct impact on cheese flavour but it may contribute through its ability to form esters with free fatty acids such as ethyl butanoate and ethyl hexanoate characterised here and considered as flavouractive compounds in Cheddar [16] . 2-butanol and 2-butanone accounted for, respectively, 78% and 70% of total volatiles of juices A and B on the basis of peak areas. These compounds, which were also reported in large amounts in Cheddar cheese headspace [7, 8, 67] , derived from the reduction of 2,3 butanedione (diacetyl) [63] . Neither diacetyl nor its reduced products, acetoine and 2,3-butanediol, which resulted from citrate metabolism by mesophilic starters, were detected in ripened Cantal cheeses. Degradation of diacetyl in Cantal cheese during ripening appears similar to or even higher than that observed in Cheddar cheese [7] . Conversion of 2,3-butanediol into 2-butanone and subsequently into the reduced 2-butanol was attributed to some nonstarter Lactobacillus species [39, 47] . The concentration of 2-butanone in Cantal cheese A is much higher than in Cantal cheese B, whereas the concentration of 2-butanol is higher in Cantal cheese B than in Cantal cheese A. A similar pattern was observed for other methyl-ketones and secondary alcohols, such as 2-pentanone/2-pentanol, 2-heptanone/2-heptanol and 3-methyl-2-pentanone/3-methyl-2-pentanol (Tab. V), indicating that the microflora present in Cantal cheese B had higher reducing activity than that present in Cantal cheese A. The presence of lower amounts of aldehydes, which are intermediary products resulting from a reduction of the corresponding primary alcohols during cheese ripening, confirms the elevated reducing conditions in Cantal cheese B, probably because of a different native microflora [9] .
Microstructure
The confocal laser scanning micrograph pictures gathered in Figure 2 show the heterogeneous microstructure of Cantal cheese after 120 d of ripening, at different levels: in the centre (A, B, D) and under the surface (C) . From Figures 2A and 2B , it is clearly seen that milk fat inclusions (red coloured), exist as (i) fat globules and (ii) free fat, (fat devoid of a fat globule membrane) which vary in size and shape, in the protein matrix as already described for different kinds of cheeses, such as Cheddar [32] , Mozzarella [56] , Camembert [51] and Emmental [50] . In Cantal cheese, it seems that little fat is present as intact fat globules in the protein network. It is likely that the natural milk fat globules, which have an average volumic diameter of 4 µm in raw milk, may have been disrupted by the thermal and mechanical treatments applied during the manufacture of Cantal cheese. Consequently, the fat which is not trapped in the protein network may easily be extracted from the cheese, as was seen during extraction of cheese juices. Moreover, these fat inclusions, which have a high ability to oil off, could play a role in the sensory and functional properties of Cantal cheese [38] . Such a disruption of the milk fat globule membrane, which is the physical barrier against enzymatic reaction, allows lipolysis and oxidation reactions [15] which occur at the triglyceride-matrix interfaces in the cheese during ripening of Cantal cheese. In parts A (lower scale) and D (higher scale) of Figure 2 , a white zone dense in protein can be seen, which may correspond to a junction between two curd grains in the cheese matrix, as already characterised by CLSM in Emmental cheese (Lopez, personal communication). The part C of Figure 2 shows the microstructure of Cantal cheese, under the surface. Most of the fat seem to be free fat, located around protein grains. Such a fat structure under the crust fully agrees with the oily surface appearance which occurs when ripened Cantal cheese is heated.
CONCLUSION
The analysis carried out in this study allowed a precise characterisation of many aspects of two ripened Cantal cheeses issued from two different processes. In spite of many similarities with Cheddar, the obtained results on curd mineralisation demonstrate that the two varieties are not identical, probably because of the differences in the kinetics of acidification followed in the process of making these two varieties. Microbial enumerations, although they gave an interesting idea of the gross composition of the cheese flora (predominance of a mesophilic and thermophilic lactic acid bacteria flora accompanied by a very varied ripening flora including a significant yeast population) also showed the limitations of selectivity of the growth media used. Further studies with the use of modern biomolecular techniques are required to progress in further knowledge of the Cantal bacterial ecosystem i.e. not only an undoubted identification of the species but also a characterisation of their metabolic activity, notably in the proteolysis of the casein matrix and in the aroma biosynthesis, areas in which the results given here could be only very descriptive. The preliminary results on Cantal cheese fat microstructure shown for the first time in this study demonstrate how high the milk fat globules are sheared during the making process. Such shear stress made the cheese fat very accessible to the enzymes and for dissolving aroma compounds. Regarding another aspect, if the present study is the characterisation of ripened Cantal cheese, it should be very interesting to know how the different steps implemented from the cheese milk to the ripening conditions create the biochemical, physicochemical and microbial data reported here. That will be the subject of our next study.
